Importance: The role of the filtration bleb for IOP management following trabeculectomy (TRAB) and deep sclerectomy (DS) in glaucoma is highlighted in this study.
INTRODUCTION
The current treatment of glaucoma requires reduction of intraocular pressure (IOP), 1 which may be achieved with medication, laser or surgery. Despite maximum tolerable medical therapy, some patients remain refractive or possess patient factors, such as age, language and socioeconomic status that may ultimately reduce treatment adherence. glaucoma is inadequately controlled with medical and/or laser therapy, a surgical intervention to further reduce IOP may be indicated. 3 The gold standard in glaucoma surgery remains trabeculectomy (TRAB). 4, 5 TRAB is a penetrating filtration procedure that effectively reduces IOP by allowing aqueous drainage through a sclerostomy, with full thickness penetration of the anterior chamber establishing a connection with the subconjunctival spaces. 6 Subsequent reduction in IOP also relies on subconjunctival bleb cavity formation. 6, 7 Deep sclerectomy (DS) is an alternative, non-penetrating filtration procedure, which preserves the trabeculo-Descemet membrane. 4, 8 The former is traditionally associated with a higher incidence of postoperative complications. 4 Both filtration procedures result in an elevated segment of conjunctiva at the surgical site, commonly referred to as a bleb. This filtering bleb is widely acknowledged to play an essential role in IOP control following TRAB and likely contributes significantly to IOP reduction following DS. 9 Its mechanism involves the draining of aqueous humour from the anterior chamber towards the subconjunctiva. Bleb morphology may be correlated with bleb function, and this has the potential to predict the functional outcome of surgery. 10 The Indiana Bleb Appearance Grading Scale (IBAGS) is a simple validated system of assessing and incorporating the four major features of bleb morphology: height, extent, vascularity and aqueous leak (Seidel test). 11 Its clinical application allows for the uniform assessment of both limbal-based and fornix-based filtration bleb morphologies. This standardization not only allows for good interobserver and intra-observer reproducibility but also enables monitoring of bleb progression. This ultimately allows for objective correlations between bleb morphology and clinical outcomes. 11, 12 An alternative means of assessing bleb morphology is with imaging. Early studies have reported the use of ultrasound biomicroscopy, [13] [14] [15] but more recently, anterior segment optical coherence tomography (AS-OCT) has been adopted for the analysis of posttrabeculectomy blebs, including bleb height, bleb wall thickness and the presence of microcysts in the bleb wall. 16, 17 AS-OCT offers superior image resolution compared with the ultrasound biomicroscopy and is more reproducible as it does not make contact during examination, hence will not alter morphology nor increase the risk of infection. 18, 19 In this retrospective study, we investigated the use of the IBAGS and AS-OCT in measuring the bleb morphology of filtering blebs postoperatively in eyes that have undergone TRAB and DS. We also investigated the correlation of bleb morphology with postoperative IOP at 3 months. 
METHODS
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Surgical technique of trabeculectomy and deep sclerectomy
The surgical technique performed on each patient was dependent on the irido-corneal angle configuration on gonioscopy and target IOP. Eyes with angles open to the ciliary body and with IOP targets in the low-to-mid teens were deemed appropriate for DS. Eyes not meeting these criteria were treated with TRAB.
Trabeculectomy
A fornix-based TRAB was performed by creating a superior conjunctival peritomy underneath which mitomycin C (MMC) 0.2 mg/mL on surgical sponge was applied to the sub-tenon's space for 2-3 min. After generous irrigation with balanced salt solution, a 4 × 3 mm 1/2 thickness scleral flap was fashioned beneath which a sclerotomy and peripheral iridectomy were performed, whereas the anterior segment was perfused with an AC maintainer. The scleral flap was closed with two 10-0 nylon releasable sutures, and the conjunctiva was closed with 10-0 nylon.
Deep sclerectomy
A larger superior conjunctival peritomy was created followed by a 30-s application of MMC 0.2 mg/mL to the sub-tenon's space. After generous irrigation with balanced salt solution, a 5 × 5 mm 1/3 thickness scleral flap was dissected anteriorly into clear cornea. A second deeper 3 × 3 mm flap was dissected anteriorly until Schlemm's canal was de-roofed exposing the underlying trabecular meshwork. The deeper scleral flap was excised, the junta-canalicular layer of the exposed trabecular meshwork stripped and a limited Schlemm's canal dilation attempted by injecting Healon GV into the open ends of Schlemm's canal, as well as underneath the scleral flap. The superficial scleral flap was closed with two 10-0 nylon-interrupted sutures, and the conjunctiva was closed with 8-0 vicryl.
Postoperative management
Trabeculectomy patients were commenced on g. chloramphenicol quater in die (QID) and g. dexamethasone q2h. The g. chloramphenicol was ceased approximately 2 weeks after surgery, and the g. dexamethasone was tapered over 3/12 according to the bleb morphology, presence of inflammation and IOP.
Deep sclerectomy patients were commenced on g. chloramphenicol QID and g. dexamethasone QID. The g. chloramphenicol was ceased approximately 2 weeks after surgery, and the g. dexamethasone was tapered or increased according to the bleb morphology, presence of inflammation and IOP. Typically, g. dexamethasone was discontinued between 2 and 3 months after surgery.
Trabeculectomy: Seven of 14 patients were given subconjunctival 5-fluorouracil (5-FU); a total of 13 injections were given to seven patients. Seven of 14 eyes had no 5-FU. Bleb needling was performed in two of 14 eyes.
Deep sclerectomy: Four of 14 patients were given subconjunctival 5-FU; a total of nine injections were given to four eyes. Ten of 14 eyes had no 5-FU. Two of 14 DS underwent yttrium-aluminum-garnet goniopuncture in the period between surgery and bleb imaging/grading. There were no bleb needlings in the DS cohort.
Data collection
Patient demographics, best-corrected visual acuity, central corneal thickness, preoperative medications and IOP were collected prior to surgical intervention. At 3 months postoperative, bleb morphology was recorded by the operating surgeon according to the IBAGS 11 (Supporting Information for further information on IBAGS standards), including bleb height, horizontal extent, vascularity and leak.
Anterior segment optical coherence tomography was acquired at the 3-month postoperative visit using a Zeiss Cirrus OCT (Carl Zeiss Meditec, Jena, Germany) by a single operator (JL) who was blind to type or outcome of surgery. Raster five-line horizontal and vertical scans were taken. Parameters from each scan were recorded into a database. For continuous parameters, the average of 10 scans per patient was taken as the overall measurement.
Statistical analysis
Statistical analyses were performed using Statistical Analysis Software v9.4 (SAS Institute, Cary, NC, USA). Baseline characteristics were compared using chi-squared analysis and Student's t-test for categorical and continuous data, respectively. The correlation between final IOP and bleb morphology, as demonstrated with IBAGS or AS-OCT, was calculated for each surgical group. A P value of less than 0.05 was considered to be statistically significant.
RESULTS
Fourteen TRAB and 14 DS eyes from 28 patients met the inclusion/exclusion criteria. Baseline characteristics are shown in Table 1 . There was no difference in patient age, visual acuity and preoperative IOP medications. Within the TRAB group, all 14 had primary open-angle glaucoma, and all patients were Caucasian. Within the DS group, 12 had primary open-angle glaucoma, 1 had uveitic glaucoma and 1 had pseudoexfoliation glaucoma. Thirteen patients were Caucasian, and one was Asian. Baseline IOP was lower in the TRAB compared with DS group, but this did not reach statistical significance (21.3 vs. 26.43 mmHg; P = 0.10). Central corneal thickness was significantly lower in the TRAB group, and the mean IOP 3 months following surgery was also significantly lower in the TRAB group (7.75 vs. 12.27 mmHg; P = 0.005).
Comparison of bleb morphology using the IBAGS (Table 2) revealed that TRAB eyes displayed blebs that were significantly higher, broader and less vascular compared with DS. There was no statistically significant difference in aqueous leak. The AS-OCT measurements confirmed TRAB eyes had significantly higher blebs compared with DS eyes (Table 3) . TRAB eyes were statistically more likely to demonstrate conjunctival cysts, posterior fluid and fluid beneath the scleral flap (Fig. 1 ). There was a trend towards a thicker conjunctiva/tenon in the TRAB eyes, but this did not reach significance.
Correlation coefficients were calculated for IBAGS scores and final IOP (Table 4 ) This revealed a negative correlation for bleb horizontal extent and vascularity in TRAB eyes (i.e. the lower the IBAGS score, the higher the IOP). DS eyes also displayed a negative correlation for horizontal extent and in addition were negatively correlated with bleb height and bleb vascularity.
Correlation coefficients for AS-OCT and IOP lowering (Table 5) showed that although TRAB bleb height correlation was more negative compared with DS bleb height correlation, this did not reach significance. The presence of conjunctival microcysts was more positively correlated with TRAB than DS, but again, this did not reach statistical significance. The only statistically significant finding was a negative correlation for intra-scleral cavity in TRAB eyes (P = 0.02).
DISCUSSION
This study demonstrates the use of tools such as the IBAGS and AS-OCT for the comparison of bleb morphologies between eyes that have undergone either a TRAB or DS with MMC.
TRAB is performed to lower IOP, ultimately slowing the progression of glaucomatous optic A sclerostomy is performed, involving full-thickness penetration of the anterior chamber. This results in a connection with the subconjunctival space, and the overlying scleral flap is sutured in place. 6 The success of TRAB is dependent on the bleb morphology with adequate cavity formation and trans-conjunctival aqueous filtration (Fig. 2) . There has been a movement from limbal-based TRAB to a fornix-based TRAB, as the former has a higher risk of developing an avascular bleb with subsequent blebitis than the fornix-based TRAB. 19, 27 Unlike TRAB, DS is not entirely dependent on bleb formation. Once aqueous flows across an intact trabeculo-Descemet's membrane, it may enter (i) the open ends of Schlemm's canal; (ii) the intra-scleral space; (iii) the suprachoroidal space; or (iv) the subconjunctival space 6. The formation of a subconjunctival filtering bleb may be as low as 50% of cases. 6, 8 Mitomycin C is a powerful anti-proliferative agent, and because of its anti-neoplastic and antibiotic properties, MMC can successfully inhibit fibroblast growth 6 and ultimately avoid conjunctival healing and improve surgical outcomes. 5, 6 There has also been suggestions regarding the penetration of MMC into the ciliary body that can decrease the production of aqueous humour, hence contributing to the success of filtration surgeries. 33 It is widely acknowledged to be far more potent than 5-FU, with a single application of intraoperative MMC under the scleral flap being superior to multiple postoperative injections of 5-FU. 20 The optimal technique and dosage have yet to be defined because of the subjective reporting of postoperative complications, such as hypotony. 6 Our study used MMC concentrations of 0.2 mg/mL applied for 3 min over the scleral flap in TRAB, which is superior to direct application to intact sclera. 21 This protocol in TRAB adheres to the Moorfields Safe Surgery System, which recommends the application of MMC concentrations of either 0.2 mg/mL or 0.5 mg/mL for a period of 3 min and subsequent washout with balanced salt solution. 22 TRAB and DS techniques differ in many ways, all of which have the potential to influence bleb morphology. These include the area of conjunctival dissection, scleral flap size and thickness, presence or absence of full-thickness penetration into the anterior chamber and the use of antimetabolites.
The different antimetabolite regimen used between TRAB and DS may have contributed to the observed differences in this study; however, we have no data to support or refute this. Different applications of MMC were used as this reflects key elements of each technique. 34 Most studies in the literature suggest that shorter exposure times of 2.5-3 min with lower MMC doses of 0.2 mg/mL are optimal for the lowering of IOP when compared with higher doses and prolonged exposure times, which are often associated with more complications (MMC). 32 Subconjunctival injections of MMC concentrations of 0.1-0.2 mg/mL in TRABs have been described by Sauder and Jonas. 23 MMC is a potent wound modulator and may have contributed to the significant reduction of postoperative IOP in our TRAB cohort (7.75) relative to the DS cohort (12.27) (P < 0.01), which is consistent with the literature. However, the trade-off is the increased risk of complications, such as bleb leaks, 24 infections 25 and endophthalmitis. 26 This may be minimized by the use of fornix-based TRAB, which has been shown to reduce the incidence of bleb leak and late bleb-related infections. 27 The filtering bleb, which arises from the surgical site of glaucoma filtration surgeries, is thought to play an important role in reducing IOP. 6 This is certainly the case for TRAB, and although other pathways for aqueous drainage exist in DS, the presence of a bleb likely aids IOP reduction in some eyes. 6, 9 Bleb morphology is correlated with bleb function and has the potential to predict the functional outcome of surgery. 10 Using the IBAGS, we assessed and compared the bleb height, horizontal extent, vascularity and Seidel test. 11 Our results indicated that bleb morphologies in TRAB eyes were significantly higher, broader and less vascular when compared with DS with no difference in Seidel testing (Table 2) . When calculating the correlation coefficients for IBAGS scores and final IOP at 3 months, we found that horizontal extent and vascularity were negatively correlated for both surgical groups (À0.74 and À0.46, respectively), meaning the broader and more vascular the bleb, the lower the IOP. In the study by Hamanaka et al., 19 they found that a wider bleb extent and leak showed success in IOP in limbal-based TRAB with no significant results for fornix-based TRAB.
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A cross-sectional study similar to our own, by Konstantopoulos et al., 18 compared the IOP lowering mechanisms of TRAB with DS. They found key morphological differences between the two groups with TRAB eyes developing the bleb cavity above the scleral flap, whereas DS eyes developed a reservoir below. They demonstrated that bleb height in both groups was associated with improved outcomes, agreeing with our results involving the TRAB cohort having significantly lower IOP (7.75 ± 4.41) at 3 months when compared with the DS cohort (12.27 ± 3.16) (P = 0.005). Our study found that AS-OCT measurements confirmed that TRAB eyes had significantly higher blebs, increased presence of cysts, posterior fluid and fluid beneath the scleral flap compared with DS eyes (Table 3) .
Konstantopoulos et al. found that bleb cavities were detected more frequently in the TRAB group than the DS (P = 0.018), which is consistent with our results (Table 3 ). This demonstrates not only the importance of bleb height in improving surgical outcomes but also the use of AS-OCT for visualizing these structures, reinforcing its superiority to ultrasound biomicroscopy (UMB). 28 Both studies demonstrated good aqueous flow with intra-scleral cavity in DS eyes. In TRAB eyes, the bleb height was larger, proving its benefits as an aqueous reservoir. Although conjunctival/tenon's thickness was greater in the TRAB eyes than DS, this was not significant. Previous studies have demonstrated that a successful TRAB was associated with thicker conjunctival walls, but none with bleb height. 16, 17 In our study, we found a statistically significant (P = 0.02), negative correlation between intra-scleral fluid and IOP in TRAB eyes, which was not demonstrated in the study by Konstantopoulos. 18 The unique aspect of our study was our comparison of TRAB and DS with both the AS-OCT and IBAGS. The results were similar to the AS-OCT analysis showing higher blebs in TRAB eyes than DS. This reaffirms the notion that higher blebs and/or larger fluid reservoirs were important in achieving lower IOP following surgery. Singh et al. 16 and Hamanaka et al. 19 confirm the notion that AS-OCT and IBAGS analysis of bleb morphology can be used to predict the success of TRAB, which was dependent on a large-size bleb, albeit the latter study demonstrating improved IOP reduction with a thinner conjunctival wall.
There are some limitations with the IBAGS system as there is no direct assessment of bleb wall thickness, which has been attributed to improving IOP control and possible bleb-related endophthalmitis. 11, 29 Although the IBAGS had good inter-observer and intra-observer reproducibility, there is always significant influence from the quality of the photograph used to measure the values attributing to a possible loss of information.
Anterior segment optical coherence tomography also possesses significant limitations in terms of its inability to portray microscopic information that could detect the early signs of bleb failure. These include stromal collagen deposition, reduction of microcyst size, bleb inflammation or infection. Hence, AS-OCT would only be able to detect the later signs of a failing bleb, when compared with laser-scanning confocal microscopy. 30, 31 
CONCLUSION
Using the IBAGS and AS-OCT, we have demonstrated significant differences in bleb morphology between eyes undergoing TRAB compared with DS 3 months after surgery. Bleb characteristics associated with lower IOP in this study included horizontal bleb extent for both TRAB and DS as well as more intra-scleral fluid on AS-OCT in TRAB eyes.
